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Abstract— A mathematical framework for estimation of the to find the resistivity map of rat and embryonic chick
conductivity map of the retina is presented. The problem is retinas. Microelectrodes provide more localised and stabl

formulated and solved in two-dimensional space consider® aa5urements compared to the classical methods. Moreover
hypothetical inhomogeneity in the conductivity profile at each . . . . ’
layer of the retina in x and y directions. Finite element the experl_me_ntal setup IS Slmp!er in th's_ case. )

analysis is used to solve the equation of continuity in stegd The objective of this paper is to design a mathematical

state to simulate voltage measurements as well as estimate framework to calculate the conductivity of retina based on
the conductivity map. The results of simulated noisy data fo  discrete measurements of voltage in the tissue. As ther is n
an inhomogeneous retina layer and the fovea, which has a q4|q_standard measurement available for conductivity map

more complicated geometry, are presented. The error study . .
of the estimated conductivity map shows that the error for an and associated voltages, we generate the synthetic dad bas

inhomogeneous conductivity profile is approximately 2% and ©n @ given conductivity profile to be able to measure the
the error for calculating the fovea conductivity map is just performance of the proposed method quantitatively. To this

above 8%. This method can be extended to three-dimensions end, the equation of continuity [9] is expanded in Cartesian
and can also be used to measure the impedance of different o ginates and is solved subsequently to simulate a oltag
layers of the retina for alternating currents. . .
map on an object. In the second step, the simulated data and
. INTRODUCTION their partial derivatives are used as the coefficients of the

) ) ) ... . equation of continuity to estimate the conductivity map of
Vision restoration for people suffering from Retinitis Pig y,o object.

mentosa (RP) and Age-related Macular Degeneration (AMD) |, Section II, the theory of the problem and the two key

may be achieved by using visual neuro-prosthesis dgtens in our approach are formulated. Simulation resutts fo
vices [1], [2]. In these types of devices, the retina is eleGs, innomogeneous tissue and fovea with a more complicated
trically stimulated to generate a spot of light in a patient’ geometry that, to the best of our knowledge, have not been
visual field referred to as phospheng3]. _ addressed previously are presented in Section Ill. Theypara
_ The conductivity §) of the retina at different layers is gers affecting the outcome of the method and practicagissu
important in designing an optimal stimulation pattern all we gggciated with the problem are addressed in Section IV.

as optimisation of the electrode geometry, such as diametglonciysions and future avenues for extension of this work
penetration depth, and pitch factor. In general, the retinge qescribed in Section V.

conductivity profile depends on location as well as direttio
of measurements, meaning that the retina is inhomogeneous Il. THEORY

and anisotropic [4]. Inhomogeneity and anisotropy of the Consider a tissue which can be represented by a connected

retinal tissue raise difficulties when attempting to meesurset() c R, wheren is an integer representing the spatial

the conductivity of the retina. dimension. The equation of continuity in steady state fég th
The electrical conductivity variations within the retinafs  object is represented by

different animal species have been explored through experi

ments. Karwosket al.[4] have detailed how the resistance of V. (o(r)Vo(r)) =0, ref, 1)

the retinal layers of a frog vary. In [5], the Current Sourceyith proper boundary conditions on the surface of the tissue

Density (CSD) method is used to determine the resistivity,

profile of a New-Zealand White Rabbit retina. In order to investigate the accuracy of the method de-
While resistivity depth profiles of retinas have been obyejoped here, we first assume that the conductivity map is

tained through experlme_nts previously, they have beer.etslolvgi\,en and then simulate the voltage maygr), based on

for under the assumption that the retina is comprised Qiqyation (1). In the second step, Equation (1) is solved for

layers that are homogeneous within themselves [6], [7]. (1) using the voltage map calculated in first step. We refer
Kasi et al. [8] have developed a technique for measuringg the first step as thiarward problemand the second step

the resistivity map of a retina using bipolar microelec#sd 55 thebackward problenthroughout.

They have employed the peak resistivity frequency method The procedures of the forward and backward problems
1 . . o N are represented in Figure 1. As shown in Figure 1(a), the

Department of Electrical and Electronic Engineering, Thaversity i .
of Melbourne. 2 Bionics Institute. > NICTA Victoria Research Labs. geometry_ and bound_aw conditions are determined based
*Corresponding authohahmant @i nel b. edu. au. on the given conductivity map to set-up the problem. For
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Define Calculate v(r) B. Backward Problem Formulation
try and fi Add noi . . .
o) omcary [ | Equation (1) oy 7@ In the backward problem, the conductivity map is un-
conditions using FEM known and is estimated from the given voltage map and
@) proper boundary conditions. The results obtained from the
: : forward problem are used as the input in this case. Equa-
Noise Define Estimate tion (2) may be rewritten in the following form
b (r)— removal and || geometry and conductivity L 6(r)
interpolation boundary map from 06 lolea R
of data conditions Equation (1) CL(J?, y)a—x + b(ma y)a_y + C(ma y)U(J% y) =0, (4)
() with the boundary conditions
Fig. 1. The steps of the forward and backward problem. G (70,y) = Oz, o(x,y = y0) = oy, (%)
where
nontrivial cases, where a closed form solution to Equatign ( a(z,y) = ) (6a)
does not exist, the Finite Element Method (FEM) is adopted 8%81 )
to calculate the voltage map(r), on the tissue$2, numeri- b(z,y) = ULy (6b)
cally. In practice, noise exists in all measurements, thas w Q?y .
consider additive noise in our simulations to give the noisy e, y) = 9*0(x,y) L9 o(z,y) (60)
voltage mapa(r). ’ Ox? oy?

The steps for solving the backward problem, which inn which o(z,y) represents the noisy voltage values a@nd
practice is the main problem to be solved, are shown i3 an estimate of the original conductivity map to be deter-
Figure 1(b). The first step in finding the conductivity mapmined. Equation (4) represents a first order linear PDE [10],
is to remove noise from the data. The cleaned data can pe1]. It is worth mentioning that when the coefficients
interpolated to make the voltage data smooth over a grigf Equation (4) are discontinuous, the error of numerical

that can be used to solve the partial differential equaflon. splutions to the problem can be unpredictably large [12].
find the conductivity map, the geometry should be defined as

similarly as possible to geometry of the tissue. After setti ©- Simulation Methods

boundary conditions, the coefficients of Equation (1) are Simulation of the forward and backward problems is

calculated numerically and this equation is solved by FEMonducted in finite element analysis software, COMSOL 4.1.

to determine an estimate of the conductivity magpr). In our simulations, we consider a Gaussian distribution for
The main objective in solving the problem is to minimisethe additive noise such that the resultant Signal-to-Noise

the difference between the estimated map and the originfdRtio (SNR) is 20dB. In simulating the voltage map for

one. In this paper, without loss of generality, we formulatéhe forward problem, thé&lectric Current (ec)model in the

and solve the forward problem as well as the backwar@C/DC module is selected. Th€oefficient Form PDE (c)
problem in two-dimensional space,= 2. model in theMathematicsmodule is adopted to solve the

backward problem. Since no dynamics is involved in the
backward or forward problemsstationary study type is
chosen to solve the relevant partial differential equatidn
The objective in the forward problem is to calculate théyoth cases, COMSOL internal analytic functions are used to
voltage values on the object given the conductivity mapdefine the geometry as well as the desired conductivity map.
o(z,y). Equation (1), which is the main equation governing In solving the backward problem, a two-dimensional in-
the relationship between voltage and conductivity can b@rpolation function is adopted to introduce coefficients o
expanded in Cartesian coordinates, which results in Equation (4) in matrix form to COMSOL. In all simulations,
Direct PARDISOwith its default parameters is used.

A. Forward Problem Formulation

v 9% do(xz,y) Ov  do(x,y) v
o(z,y) oz o2 )t T o ay a_y:O’ ll. SIMULATION RESULTS
(2) In order to test the performance of the proposed method,
_ - we simulate the equation of continuity for an inhomogeneous
with the boundary conditions conductivity and a nontrivial geometry.
vy =w0) =0, v(y=uy)="VWo, A. Example 1: Inhomogeneous Layer
ov ov We first consider the case of a single inhomogeneous layer.
Oz o=z 0. 0z lomay 0 ®) We assume the conductivity inside the layer varies in bath th

2 andy directions. Since conductivity does not alter abruptly

Equation (2), which is a second order linear Partial Difinside a layer, we consider a conductivity map of the form
ferential Equation (PDE) in terms of the dependent variable ) A s
v, is solved to find the voltage map on the tissue. o(z,y) =1+ 0.1(sin5 x 10°z +sin10°y),  (7)
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which changes considerably in two-dimensions as repr

sented in Figure 2. The objective is to estimate, y) using , 15
the method described in Section II. To this end, we appl % 1
a constant electric field in thg direction with Vy = 1V f ]

and we assume that the sides of the geometry are insulat - Imw *’Hi'““h 05
The noisy voltage map generated by solving the forwar 4 0
problem is shown in Figure 3. The estimated conductivit 100 -0 X () >0

map through solving Equation (4) is represented in Figure 4. _ -
The maximum error of the solution is below 2% as showi'd: 5. The percentage error between the estimated couyicthap

. . calculated by solving Equation (4) and the given condugtivihap in
in Figure 5. Example 1.
49 2
20 1.1 100
g £ 15
2 0 1 R
> =
—2 1
09 -100
-4
-100 -50 0 50 — -
X (L m) 1000 500 X S m) 500

Fig. 2. The given inhomogeneous conductivity map describedqua- Fig. 6.
tion (7). We assume that tissue size is 260<100um. The color map
indicates the magnitude of the conductivity.

The conductivity map of a one layer fovea with maximem=
0.5S/m presented in Example 2. The geometry of fovea is appieehby
a Gaussian function and it is assumed that the tissue iselbdat saline
with o5 = 2S/m.

1
40 as the boundary conditions. The given conductivity map and
20 the resultant voltage map are shown in Figures 6 and 7,
0 0.5 respectively. The estimated conductivity map and the error
) of calculation in the presence of noise are represented by
_a . Figures 8 and 9, respectively. The maximum error of the

-100 -50 50 conductivity map estimation in this case is approximately
8% which is larger than the error of Example 1.

y (um)

0
X (Hm)

Fig. 3. The voltage conductivity map across the object shiowFigure 2.
A constant field is applied in thg direction with V = -100:.m)=0 and IV. DISCUSSION

V(y = -10Qum)=Vp=1V. The sides of the geometry at= +100um are The results presented in this paper clearly show that

g?gigﬁrggi;? be insulated. The color map represents thageomagnitude the proposed theoretical framework generates a potsntiall
satisfactory conductivity map for given noisy voltage mea-
surements. However, it should be noted that we have assumed

the electrode tissue impedance [8], [13] and the electrode

40 L2 tissue gap [14] is the same at all points and therefore could
20 11 be neglected in our calculations. Other important practica

0 1 issues are the damage caused by each electrode to the retina
-2 0.9 and the relative movement between the electrode and the
4 tissue at the time of measurement, which can affect the

y (um)

-100 -50 0 50 08
X (Lm)
1
Fig. 4. The estimated conductivity map for Example 1 cakedaby
solving the backward problem. The color map indicates thgnitade of 10
the estimated conductivity at different points. T
2 0 05
>
-10
B. Example 2: Fovea 0
We now solve the problem for a typical fovea, which has ~1000 500 X (om) 500

more complicated geometry. We consider one layer of fovea
with oy = 0.5S/m in our simulations that can be extendedfig. 7. The voltage conductivity map across the fovea repiesl by

; gure 6. A constant field is applied in the direction with Vly = -
to. more Iayer§. We apprommate the geometry of thg fove';'_gqm):0 and Vg = 15Qum)=Vp=1V. The sides of the geometry at
with a Gaussian function and we assume that the tissue 4S- +1000um are considered to be insulated. The color map represents

surrounded by saline witlr, = 2S/m, which will be used the voltage magnitude at each point.
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Fig. 8.
Example 2. The calculated map is found by solving the bactvweaoblem.
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complicated geometry were taken into account and it was
shown that through finite element analysis, estimating the
conductivity map of the retina with small error is achiewabl
Since inhomogeneity of retina affects the outcome of electr
cal stimulation of neural tissue, the method developed here
can help researchers to design optimal stimulation pattern
that can improve the quality of visual prostheses.

The method presented here will be extended to three
dimensions and anisotropy of the tissue will be taken into
account as well. Moreover, the problem will be revisited for
sinusoidal stimulations that leads to calculation of thénee
impedance at different frequencies which is an active afea o
research.
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Fig. 9. The percentage error between the estimated cowityathap of
the fovea calculated by solving Equation (4) and the giverdaoetivity map
in Example 2.

results unpredictably. (1]

A. Effect of Noise on Estimated Conductivity Map 2]

Because first and second derivatives are used to solve
the conductivity map when the tissue is considered to bslzg
inhomogeneous or when it has a complicated geometry, it
is expected that the accuracy of the method increases con-
siderably along with the increase in SNR of measurementéfl]
The simulations for the examples presented in Section |l
have been repeated for different values of SNR. Figure 16
shows the maximum error at different SNR values in the
conductivity map calculation, which infers that at low SNRs [6]
the error is very high as expected. Moreover, it is obvioas th
error in estimating the conductivity map of fovea is higherm
than the inhomogeneous case.

V. CONCLUSIONS (8]

In this paper, a theoretical framework for calculating

the conductivity map of the retina was developed. The[g]
inhomogeneity of the tissue in two-dimension as well as a

[10]
° —e Example [11]
—= Example
40- 3 [12]
S0 i
s [13]
{0 20~ 1
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Fig. 10. The percentage error in estimation of the conditigtimap versus
SNR of voltage measurements for the examples presentedctioséll.
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